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Abstract
Light-induced chlorophyll a (Chl a) fluorescence quenching was studied in light-harvesting complex of photosystem II (LHCII).
Fluorescence intensity decreased by ca. 20% in the course of 20 min illumination (412 nm, 36 Amol m2 s1) and was totally reversible
within 30 min dark adaptation. The pronounced quenching was observed only in LHCII in an aggregated form and exclusively in the
presence of molecular oxygen. Structural rearrangement of LHCII correlated to the quenching was monitored by measuring changes in UV–
Visible light absorption spectra, and by measuring Fourier-transform infrared spectroscopy (FTIR) in the Amide I region of the protein
(1600–1700 cm1). The light-induced structural rearrangement of LHCII was interpreted as a partial disaggregation of the complex based on
the decrease in the light scattering signal and the characteristic features observed in the FTIR spectra: the relative increase in the intensity of
the band at 1653 cm1, corresponding to a protein in the a-helical structure at the expense of the band centered at 1621 cm 1, characteristic
of aggregated forms. The fact that the light-driven isomerization of the all-trans violaxanthin to the 13-cis form was not observed under the
non-oxygenic conditions coincided with the lack of large-scale conformational reorganization of LHCII. The kinetics of this large-scale
structural effect does not correspond to the light-induced fluorescence quenching, in contrast to the kinetics of structural changes in LHCII
observable at low oxygen concentrations. Photo-conversion of 5% of the pool of all-trans violaxanthin to 9-cis isomer was observed under
such conditions. Possible involvement of the violaxanthin isomerization in the process of structural rearrangements and excitation quenching
in LHCII is discussed. D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
Chlorophyll a (Chl a) fluorescence quenching in the
photosynthetic apparatus in vivo is a process ascribed to
the regulatory molecular mechanisms associated directly
with the excitation transfer and charge transfer in the
reaction center of photosystem II (PSII) [1]. Surprisingly,
Jennings et al. [2] reported the process of light-induced Chl
a fluorescence quenching in isolated preparation of light-
harvesting complex of photosystem II (LHCII). This process
has been found to depend on the presence of xanthophyll
pigments [3], to be entirely reversible in darkness [4], be
temperature dependent [4,5] and take place exclusively in
the preparation of aggregated LHCII [5]. Very recently,
Barzda et al. [6] reported the mechanism of Chl a triplet–
singlet annihilation as responsible for the fast phase of light-
induced fluorescence quenching in LHCII. Interestingly, this
process has been found to depend upon the presence of
molecular oxygen, thus indicating singlet oxygen as a
possible intermediate in the pathway of photochemical
reactions leading to excitation quenching [6]. Garab et al.
[7] demonstrated by circular dichroism measurements, that
illumination of aggregated LHCII results in a structural
rearrangement associated with the energy dissipation [8],
and that they are observed on the same time scale as light-
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induced Chl a fluorescence quenching in this complex.
Interestingly, according to the recent findings of Zer et al.
[9], a structural transformation of LHCII is a process that
enables photo-phosphorylation of LHCII, the process that
drives the so-called State I–State II transition in the photo-
synthetic apparatus. In our previous work [4], we showed
that light-driven excitation quenching was associated with
the structural transition in LHCII. The fluorescence quench-
ing was not observed at liquid nitrogen temperature, the
pronounced change of the quenching kinetics was observed
in the temperature range 24–26 jC, corresponding to the
LHCII structural transition observed by means of the
monomolecular layer technique and atomic force micro-
scopy [4]. In the present work, we focus our research on the
explanation of a molecular mechanism accompanying the
light-driven structural rearrangements of LHCII and their
relationship with the excitation quenching that takes place
during long-term exposure to light (tens of minutes).
2. Materials and methods
The largest light-harvesting pigment–protein complex of
PSII (LHCII) was isolated from 10-day-old rye leaves
(Secale cereale L. cv. Pastar) following the original proce-
dure described in detail previously [10,11]. The plants were
cultivated in a growth chamber at 23F 1 jC, with a 12-h/12-h
photoperiod, white light intensity 200 Amol m2 s1 and
relative humidity of 60%. LHCII preparation to be measured
was resuspended in a Tricine buffer (10 mM, 0.1 M KCl, pH
7.6) containing 0.025% or 0.01% n-dodecyl h-D-maltoside
(DM) (by weight) to obtain protein in the trimeric and
aggregated forms, respectively, and to avoid formation of
macroaggregated forms that may precipitate during meas-
urements [6,12]. Electronic absorption spectra were
recorded with a diode-array Hewlett-Packard spectropho-
tometer model HP8453. Fluorescence measurements were
carried out with a Shimadzu RF5001-PC spectrofluorome-
ter. Fluorescence excitation spectra and a time course of
fluorescence were recorded with the excitation and emission
slit set to 3 and 5 nm, respectively. Fourier-transform infra-
red spectroscopy (FTIR) spectra were recorded with a
Bruker Vector 33 spectrometer equipped with a horizontal
attenuated total reflection (ATR) cell. Liquid LHCII sample
was deposited on a ZnSe crystal and the spectra were
recorded in darkness in an argon atmosphere. The buffer
without LHCII was recorded as a control. Samples were
illuminated for 2 min, directly on the ATR crystal, by an
optic guide connected to the halogen lamp illuminator
combined with a cut-off filter (k > 600 nm). Light intensity
at the sample was 6 Amol m 2 s 1. Light intensity and
quality in this experiment was selected to provide compa-
rable conditions to the experiments with fluorescence
quenching measurements, in terms of light quanta absorbed
by the LHCII samples. The proportion of light quanta
absorbed by the LHCII samples in the red spectral region
(k>600 nm, 6 Amol m  2 s 1) and in the blue spectral
region (k = 412F 1.5 nm, 36 Amol m  2 s 1) was calcu-
lated to be such as 1.6 to 1. Molecular oxygen concentration
in the samples was monitored with a Clark-type electrode.
Since we were not able to remove molecular oxygen
completely from the LHCII suspensions by purging with
argon, the O2 concentration was controlled by application of
the enzyme pair: glucose oxidase type II from Aspergillus
niger (final activity 18.4 U/ml) and catalase from bovine
liver (final activity 3600 U/ml) (Sigma) and 1 mM glucose.
Required concentrations of O2 were achieved by the appli-
cation of appropriate amounts of 1% H2O2 (1–20 Al)
(Merck), and were controlled oxymetrically. The LHCII
samples to be measured were dissolved to a concentration
that yielded the absorbance value of 0.7 in the Chl a
maximum of the Qy band. In the case of fluorescence
measurements, the liquid samples were placed in a 1-mm
quartz cell and measurements were taken in a right-angle
setup (excitation band focused at the surface of the sample).
Xanthophyll composition of LHCII was analyzed by means
of high-performance liquid chromatography, on a C-30
phase-reversed column from YMC (length 250 mm, internal
diameter 4.6 mm) as described previously in detail [13]. All
experiments were repeated at least five times and were
found to be reproducible. The changes in the absorption
spectra of LHCII samples recorded in the course of illumi-
nation were analyzed by the method of singular value
decomposition (SVD) followed by global exponential fitting
[14–16] using programs written in Matlab environment
(The Mathworks, Natick, MA).
3. Results and discussion
Quenching of Chl a fluorescence in LHCII is a process
that depends on both illumination and concentration of
oxygen as pointed out in the introduction. On the other
hand, strong dependency of a Chl a fluorescence emission
level on aggregation state of LHCII has been reported [17].
Fig. 1 presents Chl a fluorescence excitation spectra in
LHCII recorded under aerobic conditions and in the sample
with reduced oxygen concentration both in the trimeric and
aggregated forms of the protein. As might be expected,
fluorescence level is higher in the trimeric protein, compar-
ing to the sample containing aggregated LHCII. Chl a
fluorescence intensity in trimeric LHCII does not depend
on oxygen concentration as may be seen from Fig. 1A. On
the other hand, the higher the oxygen concentration, the
lower the fluorescence level in the aggregated LHCII
sample, as can be seen from Fig. 1B. The fact that the
shape of the fluorescence quenching spectrum (dotted line)
is very close to the fluorescence excitation spectrum corre-
sponding to low oxygen concentration (dashed line) indi-
cates that excited states of Chl a light-emitting species are
quenched rather than particular groups of antenna pigments
transferring excitation energy to Chl a (e.g. Chl b or lutein).
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Such a result taken together with the finding of Siefermann-
Harms and Angerhofer [18] according to which LHCII
aggregation is directly associated with formation of a
penetration barrier to oxygen, provides further support for
the concept of involvement of oxygen in singlet excitation
quenching in the protein environment [5]. Interestingly, both
high and low oxygen concentrations have virtually the same
effect on the Chl a fluorescence level in the sample free of
large molecular aggregates of LHCII (Fig. 1A).
Fig. 2 presents time dependencies of a Chl a fluorescence
intensity recorded from the illuminated samples containing
different concentration of molecular oxygen. As may be
seen from panel A, only aggregated LHCII (0.01% DM)
demonstrated light-driven fluorescence quenching under
aerobic conditions, in accordance with previous reports
[5,6]. The 20% fluorescence decrease was completely
reversible after 30 min of dark adaptation following the
20 min-illumination (not shown). Partial removal of O2
from the sample resulted in a pronounced decrease in both
the fluorescence quenching rate and extent as may be seen
in panels B and C of Fig. 2. Almost complete removal of
molecular oxygen from the sample (0.15 mg/l, panel D)
results in fluorescence kinetics very close to that recorded in
the sample containing 1.8 mg/l oxygen (panel C) and does
not completely stop the light-induced Chl a fluorescence
quenching. Fig. 3 presents the dependence of the extent of
light-induced fluorescence quenching following 20-min
illumination on concentration of molecular oxygen in an
assay. The dependency provides further support both to the
involvement of molecular oxygen in Chl a fluorescence
quenching in LHCII and to operation of a certain quenching
mechanism that is essentially oxygen-independent (see
dependence on Fig. 3 at low O2 concentration).
Fig. 4A presents the absorption spectra of LHCII in the
aggregated state, dark-adapted and the same sample sub-
jected to illumination. The difference of these spectra is
presented in Fig. 4B along with the light scattering spectrum
of LHCII [19]. As may be seen, both the difference
spectrum and the light scattering spectrum share the main
spectral features characteristic of light scattering by aggre-
gated LHCII particles. Such a result is indicative of light-
Fig. 2. Time dependency of Chl a fluorescence intensity measured in LHCII
samples illuminated with the probing light of a fluorometer set to 412 nm
(flux density 36 Amol m2 s1). Fluorescence emission was detected at 680
nm with the excitation and emission slits set to 3 and 5 nm, respectively.
Experiments were carried out at different molecular oxygen concentrations
indicated in each panel. The oxygen concentrations were achieved via:
equilibrium with atmosphere (A), purging the sample for 30 min with argon
(B) and enzymatic reactions (C and D). LHCII was suspended in a buffer
containing 0.01% DM and in one case 0.025% DM as indicated. The initial
fluorescence intensities were normalized to 1.
Fig. 1. Chl a fluorescence excitation spectra recorded from LHCII samples
under different concentrations of DM and molecular oxygen as indicated.
Dashed lines show the difference of the spectra corresponding to low
oxygen concentration conditions and aerobic conditions.
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driven reorganization within the large LHCII structures. The
comparison of the dark-minus-light spectrum with the light
scattering spectrum reveals that illumination of aggregated
LHCII results not only in the decrease in light scattering
signal characteristic of large particles (Mie-type light scat-
tering) but in addition in the decrease in the Rayleigh-type
light scattering proportional to the k4, typical of light
scattering particles that are much smaller than the wave-
length of light. The fact that the monomer of LHCII has an
elliptical cross section (30 50 A˚) and a thickness of 60 A˚
[20] suggests that light-driven reorganization within LHCII
molecule or LHCII trimeric structure is associated with the
light-induced changes in Rayleigh-type light scattering
rather than more complex molecular assemblies of the
protein. Fig. 5 presents the apparent absorption changes in
the LHCII samples, recorded at 300 nm as a measure of the
Rayleigh-type light scattering. As may be seen from Fig. 5,
illumination of LHCII in all the systems examined results in
a decrease in light scattering, but the initial absorbance at
300 nm as well as the rate of the changes observed is much
higher in the samples under aerobic conditions. Such an
observation coincides with the light-induced Chl a fluores-
cence quenching observed in aggregated LHCII. On the
other hand, the time courses of absorption and fluorescence
changes are clearly not identical, in particular at higher
oxygen concentration. Under such conditions, the light
scattering changes do not display characteristic plateau
phase that appear in the initial 300-s period of illumination.
Such a phase observable in all the fluorescence kinetics
(Fig. 2) can be only seen in the light scattering signals
recorded at lower oxygen concentration. Fig. 6 presents
comparison of illumination-induced Rayleigh-type light
scattering and Chl a fluorescence quenching recorded in
the LHCII samples under the same conditions ([O2] = 3.8 mg/
l, 0.01% DM). As may be seen from this comparison, the
time course of both signals is similar. In particular, in both
cases, the first 300 s of illumination has virtually no effect
on both fluorescence quenching and light scattering, as was
pointed out above. The same lag phase can be very clearly
observed in the light-induced fluorescence quenching
recorded in aggregated LHCII under aerobic conditions
(Fig. 2A). The corresponding light scattering changes, in
this case (Fig. 5C), represent different kinetics. This indi-
cates that light-driven reorganization of LHCII at the molec-
ular/trimeric level makes the fluorescence quenching
possible rather than is a direct cause of this photo-physical
process. The difference suggests also that both reorganiza-
tion and excitation quenching are oxygen-dependent pro-
cesses that are not necessarily in a causative relationship.
Fig. 4. Absorption spectra (A) and difference absorption spectrum (B) of
LHCII suspended in a buffer containing 0.01% DM, dark incubated for 30
min (marked as dark) and then subjected to a 20-min illumination (412 nm,
flux density 36 Amol m2 s1) (marked as light). The spectra were recorded
before and after the experiment depicted in Fig. 2A. The solid line in panel B
shows the light scattering spectrum recorded with aggregated LHCII,
replotted from Ref. [19].
Fig. 3. Dependence of the extent of Chl a fluorescence quenching in LHCII
as a result of 20-min illumination on oxygen concentration. The points on a
graph are based on experiments presented in Fig. 2. Lines were fitted to the
experimental points of each time dependency recorded within final 200 s of
illumination. Calculation of the extent of quenching is based on a
fluorescence level found from obtained linear relationships, corresponding
to time parameter 1200 s.
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The analysis of illumination-induced changes in the
electronic absorption spectra of LHCII in different systems
was employed to interpret photo-reorganization of LHCII.
Samples were illuminated continuously with the probing
light beam of the diode array spectrophotometer and the
absorption spectra were taken every 1 s. The absorption
spectra were analyzed by the method of singular value
decomposition (SVD) followed by global exponential fitting
[14–16]. The global exponential fitting analysis assumes
that the light-induced absorption changes are first-order
processes. Kinetic changes are decomposed into a sum of
exponential components. The components are characterized
by the apparent rate constants for the observed kinetic
changes and the amplitudes (pre-exponential factors) at
different wavelengths. The component spectra are called
b-spectra [14–16]. Figs. 7–10 present the sets of b-spectra
characteristic of the light-induced absorption changes
recorded in LHCII under different conditions (trimeric or
Fig. 6. Comparison of the kinetics of absorbance changes recorded at 300
nm as a measure of light scattering (the dependency from Fig. 5D) and
fluorescence (the dependency from Fig. 2B). Both time courses were
recorded from the samples suspended in a buffer containing 0.01% DM at
oxygen concentration 3.8 mg/l.
Fig. 7. The initial absorption spectrum (1, bold solid line), the final
spectrum (1, bold dashed line) and the final spectrum fitted by means of
global multi-exponential fitting (1, thin solid line) and component spectra of
global multi-exponential fitting of difference absorption spectra collected
for 30 min every 1 s from LHCII subjected to illumination (numbered). The
measuring light of the spectrometer played a role of actinic light. Apparent
time constants for component b-spectra are shown. DM concentration was
0.025% and molecular oxygen concentration was 8.7 mg/l.
Fig. 5. Time dependency of absorbance at 300 nm of the LHCII sample
suspended in the buffer containing 0.025% DM (A,B) or 0.01% DM (C,D),
under aerobic conditions (oxygen concentration 8.7 mg/l, A,C) or the
samples purged with argon for 30 min (3.8 mg/l, B,D). The absorbance
values were extracted from the series of absorption spectra collected every
1 s with a diode array spectrophotometer. The measuring light of the spec-
trometer played the role of actinic light.
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aggregated and aerobic or purged with argon). Very long
characteristic times (s) accompanying relatively high ampli-
tudes (absorbance levelc 0.2) and relatively small s values
corresponding to very low amplitudes reflect fact of very
small absorption changes observed in all the samples
analyzed within 30 min of illumination. The long-time
components (s= 3600 s) represent rather complex spectra
that share several features in all systems independently on
aggregation level and oxygen concentration. The main
difference in these components is a characteristic of the
Rayleigh-type light scattering background in the b-spectra
corresponding to the experiments carried out under aerobic
conditions (Figs. 7 and 9) in contrast to the spectra corre-
sponding to low oxygen concentration conditions (Figs. 8
and 10) both in aggregated and trimeric states of LHCII.
This finding corroborates with the interpretation of apparent
absorption changes at 300 nm in terms of light scattering
accompanying light-driven molecular reorganization of
LHCII (see Fig. 5). The b-spectra in all cases are relatively
complex and may not be ascribed to a single group of
accessory pigments in LHCII. Interestingly, one type of b-
spectra (the spectra no. 3 in Figs. 7–10), corresponding to s
values between 90 and 651 s, has higher amplitudes under
aerobic conditions comparing to low oxygen concentration
conditions (at the same detergent concentration). Fig. 11A
presents the b-spectrum no. 3 (s = 318 s) replotted in the
short-wavelength region after subtraction of the light scat-
tering background proportional to k 4. As can bee seen, this
component has a spectral shape typical of xanthophyll trans
to cis isomerization (Fig. 11B,C). Such a result corresponds
to the light-induced isomerization of violaxanthin from the
conformation all-trans to the conformations 9-cis and 13-cis
in LHCII under aerobic conditions [13]. The photo-isomer-
ization of violaxanthin is clearly not as efficient under the
non-oxygenic conditions as can be seen from Table 1. In
particular, lack of molecular oxygen in the sample makes
formation of the 13-cis stereoisomer of violaxanthin practi-
cally not possible. Also the light-induced conversion to the
9-cis form is clearly much less efficient under the low
oxygen concentration conditions. The fact that participation
of chlorophyll in violaxanthin photo-isomerization in LHCII
has been implied [13] and that this reaction takes place
under the presence of molecular oxygen suggests that major
pathway of photo-conversion observed is associated with
photosensitized formation of singlet oxygen and singlet
oxygen quenching by violaxanthin. It is very likely that
the b-spectrum characterized by s = 318 s represents the
process of light-induced isomerization of violaxanthin in
LHCII under aerobic conditions. The fact that this b-
spectrum contains additionally certain spectral features
corresponding to the Q band of chlorophylls suggests that
the violaxanthin that undergoes photo-isomerization is
localized in the protein bed and coupled to chlorophylls in
Fig. 8. Legend the same as for Fig. 7 except that DM concentration was
0.025% and molecular oxygen concentration was 3.8 mg/l.
Fig. 9. Legend the same as for Fig. 7 except that DM concentration was
0.01% and molecular oxygen concentration was 8.7 mg/l.
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accordance to the previous findings [13]. The effect of
spectral broadening visible at the wavelengths above 480
nm in Fig. 11A as compared to the spectra in Fig. 11B and C
may be also related to alterations in spectra of other
xanthophyll pigments and Chl b in LHCII. The b-spectrum
no. 3 in Fig. 9, corresponding to 8.7 mg/l oxygen and 0.01%
DM, shares several features with the b-spectrum no. 3 from
Fig. 7 analyzed above, but it is more complex and less
intense. Apparently, aggregation state of LHCII affects most
probably molecular oxygen penetration to the pigments bed
during illumination and has an influence on both xantho-
phylls isomerization and other associated spectral effects.
The structural rearrangements of LHCII caused by illu-
mination were further analyzed by means of FTIR techni-
que. Fig. 12 presents infrared absorption spectra of LHCII in
the Amide I region [21–23]. Relatively minor contribution
of photosynthetic pigments in LHCII to this band enables
analysis of an effect of illumination on protein structure.
The Amide I band arises predominantly from the CjO
stretching vibrations of the amide and is particularly sensi-
tive to the secondary protein structure owing to the charac-
teristic pattern of hydrogen bonding between the amide
CjO and NUH groups [21–23]. The characteristic fre-
quencies of the Amide I band are also very sensitive to the
local environment and therefore to organization of protein
molecules within ensembles. In many cases, the aggregation
of proteins is associated with relative increase in the intensity
of the band centered in the region of 1625 cm1, typically
characteristic of h strands [22,23]. Fig. 12 presents the
infrared absorption spectra of LHCII in the trimeric (panel
A) and aggregated (panel B) form, dark adapted (panel A, B)
and subjected to illumination (panel C). The absorption
spectra are presented along with the Gaussian components
Fig. 10. Legend the same as for Fig. 7 except that DM concentration was
0.01% and molecular oxygen concentration was 3.8 mg/l.
Fig. 11. The spectrum 3 from Fig. 7 replotted after subtracting the light-
scattering component proportional to k4 (A) and the difference absorption
spectra of violaxanthin in 9-cis and 13-cis (minus trans) conformation
recorded in the HPLC elution solvent (B,C). Details in the Materials and
Methods section.
Table 1
Light-induced isomerization of violaxanthin in LHCII
Violaxanthin isomers Percentage of the pool
in LHCII
[O2] = 8.7 mg/l
a [O2] = 0.15 mg/l
Dark Red light Dark Red light
9-cis 5.4F 2.7b 10.6F 1.2 8.3F 0.9 13.0F 1.5
13-cis 1.2F 0.6 4.2F 1.2 0.6F 0.2 1.0F 0.3
all trans 93.5F 3.5 85.3F 2.4 91.1F 0.8 86.0F 1.3
Results are based on the integration of HPLC chromatograms. Data are the
mean of three determinations. Samples were illuminated with the light
beam of the spectrofluorometer (wavelength: 670 nm, intensity: 250 Amol
m2 s1, time: 2 min).
a Data from Ref. [13].
b Standard deviation.
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representing principal spectral features. As can be seen from
Fig. 12, the Amide I band of LHCII is relatively complex in
the medium containing 0.01% DM (B) and even 0.025% DM
(A), in contrast to 0.1% DM (not shown). At such a high
concentration of the detergent, there is exclusively a single
broad band centered at 1653 cm1, characteristic of a-helical
conformation. The decrease in the concentration of the
detergent results in the increase in the intensity of the band
centered at 1621 cm1 that can be attributed to formation of
molecular ensembles of LHCII. The surface area below the
Gaussian component corresponding to aggregated structure
(1621 cm1) relative to the surface area below the component
corresponding to pure a-helical conformation (A/a) can be
applied to monitor organization of LHCII. The parameter A/a
has been determined as 0.24 for trimeric LHCII (Fig. 12A),
0.58 for aggregated protein (Fig. 12B) but dropped by almost
half (A/a = 0.31) for the same sample subjected to illumina-
tion (Fig. 12C). Such a result provides clear indication of
light-induced reorganization of LHCII, similar to the effect of
the detergent. The light-induced reorganization of LHCII was
also concluded above on the basis of Rayleigh-type as well as
non-Rayleigh-type light scattering. Since the CjO vibra-
tions are sensitive to the closest environment, the results
obtained with FTIR suggest that light-induced reorganization
may take place within LHCII aggregates, trimers but even
with non-complexed monomers.
4. General discussion
According to the results presented in this work, com-
bined with the findings reported in the literature referred to
in the introduction, the light-induced Chl a fluorescence
quenching in LHCII takes place only in the aggregated state
of this pigment–protein complex and in the presence of
molecular oxygen. The structural measurements presented
above show that the fluorescence quenching is observed
under the same conditions as structural rearrangements of
LHCII. The difference absorption spectrum of the aggre-
gated LHCII (sample after illumination minus the same
sample before illumination) matches well the spectrum of
light scattering by large LHCII particles but is additionally
supported by the signal corresponding to light scattering by
small particles. This suggests that illumination brings about
reorganization of LHCII at the molecular level, or at the
level of a trimer, that results on large-scale disaggregation.
Light-induced changes in the Rayleigh-type light scattering
were also observed in a trimeric LHCII but only under
oxygenic conditions. The results demonstrate clearly an
effect of oxygen on fluorescence quenching: the higher
the oxygen concentration, the lower the fluorescence level.
In addition, the presence of molecular oxygen in the sample
enables light-induced isomerization of violaxanthin fol-
lowed by structural reorganization of LHCII. This reorgan-
ization results in disaggregation that facilitates further
oxygen penetration to the pigment bed which amplifies
fluorescence quenching. At the same time, the LHCII
disaggregation results in increase in the fluorescence level.
The fact that light-induced disaggregation and oxygen
penetration have the opposite effects on Chl a fluorescence
in LHCII is most probably responsible for the observed
oscillations in the emission intensity (see Fig. 2A). The net
decrease in the fluorescence intensity may indicate that the
effect of oxygen is higher than the effect of disaggregation.
On the other hand, the results of structural analysis indicate
Fig. 12. Normalized (at 1653 cm1) infrared absorption spectra in the Amide
I region recorded from the LHCII samples containing different content of
DM, dark adapted and subjected to 2-min illumination with red light (k>600
nm, 6 Amol m2 s1), as indicated in each panel. The original spectra (bold
solid line) are presented along with the Gaussian components (thin solid line)
and the fitted spectra (dashed line). The components corresponding to the a-
helical structure and aggregated structures are marked with a and Aggr,
respectively, according to Refs. [21–23]. A/a denotes the ratio of the surface
area below the Gaussian component corresponding to aggregated structure
(1621 cm1) and the surface area below the component corresponding to pure
a-helical conformation (1653 cm1).
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that the effect of light is primarily associated with small-
range molecular reorganization that does not necessarily
lead to disaggregation of LHCII. This conclusion agrees
with the analysis of monomolecular layers formed with
LHCII at the argon–water interface. The monomer of this
complex occupies mean molecular area of ca. 1500 A˚2 in a
monolayer [4,13,24,25]. This is an indication of a dense
molecular packing of LHCII in a monolayer that can be
interpreted in terms of the aggregation according to the 77 K
Chl a fluorescence emission spectra [13]. Incorporation of
exogenous all-trans violaxanthin or all-trans zeaxanthin has
been found to increase the aggregation level, concluded
from the 77 K Chl a fluorescence emission spectra, without
changing the mean molecular area [13]. This finding indi-
cates that spectrally detected increase in the aggregation
level is not directly related to the molecular process leading
to the assembling of individual trimers into macroaggre-
gates. More likely, a slight increase in a intermolecular
distance between the LHCII-bound pigments, which may
be caused by several factors including light-driven pro-
cesses, is manifested by the same spectral changes as the
increase in a molecular distance related directly to the
detergent-induced LHCII disaggregation. One experimental
result that corroborates with such an interpretation is the
pronounced decrease in the aggregation level of LHCII,
manifested in the 77 K Chl a fluorescence emission spectra,
reported as directly related to the presence of 13-cis viola-
xanthin [13]. This corresponds also to the result reported
above, that under the non-oxygenic conditions, one was not
able to observe either the violaxanthin photo-isomerization
from an all-trans conformation to a 13-cis conformation or
the light-induced Chl a fluorescence quenching in LHCII.
Violaxanthin photo-isomerization in LHCII may be induced
by blue light, absorbed by both carotenoids and chloro-
phylls, as well as by red light, absorbed exclusively by
chlorophylls [13]. This is an indication that photosensitiza-
tion by Chl a is probably involved in the xanthophyll
isomerization. The requirement of molecular oxygen in
photo-conversion of violaxanthin to the 13-cis conformation
indicates that the energy transfer process from the singlet
oxygen to the triplet xanthophyll is most probably involved
in this reaction and singlet oxygen is formed with the
collisions with Chl a in the triplet state. Analysis of light-
induced violaxanthin isomerization in LHCII shows that
molecular oxygen is most probably involved in formation of
the 13-cis form but not the 9-cis form. The experiments
indicate that photo-isomerization to the 9-cis form is sensi-
tized by triplet chlorophyll. Photo-induced formation of 9-
cis isomer of violaxanthin may be potentially involved in
structural rearrangements in aggregated LHCII, observed
under low oxygen concentration, that are comparable to the
light-induced Chl a fluorescence quenching (see Fig. 6).
Both these processes are characterized by 300 s lag phase.
On the other hand, the photo-induced formation of 13-cis
isomer of violaxanthin, observable under aerobic condi-
tions, may be potentially involved in large-scale structural
rearrangements in LHCII (Fig. 5A,C). This type of struc-
tural rearrangement does not correlate with light-induced
Chl a fluorescence quenching in LHCII. In such a case, the
fluorescence quenching follows rather the kinetics of the
structural rearrangement observed at lower oxygen concen-
tration (compare Fig. 2A and Fig. 6A). Light-driven for-
mation of 9-cis violaxanthin may be considered as
responsible for structural reorganization observable at low
oxygen concentration. It is probable that this isomerization
is also driven thermally, in expense of heat generated in the
pigment bed owing to the non-radiative deactivation [4,26].
The possibility may not be excluded that both the formation
of 9-cis violaxanthin and the structural rearrangements of
LHCII are not in a causative relationship and both or one of
them is activated thermally.
The question still remains open on the nature of photo-
physical process directly responsible for excitation quench-
ing. Barzda et al. [6] have reported the excitation quenching
mechanism based on the Chl a triplets that are not trans-
ferred to carotenoids. This mechanism operates on a time-
scale typical of triplet states and can be responsible for the
initial, fast phase of the fluorescence quenching, before the
plateau phase (see Fig. 2 and Ref. [4]) provided that Chl a
cations or other long-living forms may prolong the oper-
ation of the triplet-related quenching beyond the micro-
second region as has been proposed [6]. The existence of a
plateau in the fluorescence signal despite the continuous
illumination (Fig. 2 and Ref. [4]) seems to suggest operation
of other than direct photo-physical mechanisms that may be
based, for example, on a structural rearrangement in LHCII.
In our experiments, we were not able to detect any illumi-
nation-related absorbance changes in the spectral region
typical of the Chl a or carotenoid cation radicals [27–29]
and therefore, we expect that other additional photo-phys-
ical mechanisms are active in our LHCII preparations during
a prolonged illumination. Interestingly, the process of sin-
glet–singlet excitation energy transfer from the LHCII-
bound xanthophylls to Chl a which is not affected during
the initial phase of the light-induced Chl a fluorescence
quenching in LHCII has been shown to decline after 300 s
of illumination [4]. The existence of the lag phase and
particularly the length of the lag phase (c 300 s) observed
both in the fluorescence quenching and structural reorgan-
ization of LHCII (see Fig. 6) matches well light-induced
energetic uncoupling of xanthophylls in LHCII from chlor-
ophyll pigments. The light-induced energetic disconnection
of a pool of xanthophylls active as an antenna has been also
demonstrated previously in LHCII [3] and in intact rye
leaves [30]. This decrease in the effectiveness of xantho-
phylls as singlet excitation donors suggests the possibility of
the same group of pigments to act as energy acceptors from
Chl a. As has been recently reported [31–33], the 21Ag
energy level of the photosynthetic xanthophylls is almost
isoenergetic with the Qy energy level of Chl a. The con-
sequence of such a localization of these energy levels
responsible for excitation exchange between xanthophylls
W. Grudzin´ski et al. / Biochimica et Biophysica Acta 1554 (2002) 108–117116
and Chl a is that the probability of forward energy transfer
from a xanthophyll to Chl a and backward energy transfer
are very close to each other [32]. It is possible that slight
structural rearrangements of the apoprotein may affect
efficiency and even a direction of excitation energy transfer
among chlorophylls and xanthophylls in LHCII as was
discussed by van Amerongen and van Grondelle [34]. It is
also possible that light-induced structural rearrangements
observed facilitate the carotenoid-catalyzed internal conver-
sion proposed by Naqvi et al. [35]. Solving this problem
requires further studies.
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